In the Minimal Supersymmetric Standard Model with complex parameters (cMSSM) we perform a complete one-loop calculation for the Higgs boson masses (including the momentum dependence) and the mixing angles. These corrections are obtained in the Feynman-diagrammatic approach using the on-shell renormalization scheme. The impact of the newly evaluated corrections is analyzed numerically. The full one-loop result, supplemented by the leading two-loop contributions taken over from the real MSSM are implemented into the public Fortran code FeynHiggs2.0. * Talk given by S. Heinemeyer at SUSY02,
Introduction
W with c W ≡ M W /M Z , where M W and M Z are the masses of the W and the Z boson, respectively. Furthermore, tan β is the ratio of the two vacuum expectation values, tan β = v 2 /v 1 (s β ≡ sin β , c β ≡ cos β ), M H ± is the mass of the charged Higgs boson, and T x , x = h, H, A denote the tadpoles of the fields h, H and A, see below.
At the tree-level, the tadpoles have to be zero. In the case of T A this can only be fulfilled if ξ ′ = 0. Thus CP-violation is absent at the tree-level. The bilinear part of the Higgs potential has to be diagonalized to obtain the mass eigenstates. In the CP-even sector this is done with the help of the angle α, and results in the two neutral CP-even Higgs bosons h and H. In the CP-odd sector the diagonalization can be performed with the angle β, leading to the CP-odd A boson and the neutral Goldstone boson G. The charged Higgs sector is also diagonalized with the angle β, resulting in the charged Higgs bosons H ± and the Goldstone bosons G ± . One arrives at the following masses at treelevel:
A :
M H ± and tan β are chosen as input parameters. The entries for the Goldstone bosons G and G ± are to be understood in the Feynman gauge. Since there is no CP-violation in the cMSSM Higgs sector at tree-level, there is no mixing between h and H and the fields A and G.
The fermion and gaugino sectors of the cMSSM
Possibly CP-violating parameters occur in all other SUSY sectors of the cMSSM. Most important for Higgs boson phenomenology is the scalar quark sector. The mass matrix of two squarks of the same flavor,q L andq R , is given by
where {cot β , tan β} applies for {up, down}-type squarks, respectively. A q and µ can be complex. In an isodoublet the SU(2) symmetry enforces that MQ has to be chosen equal for both squark types. The MQ′ on the other hand can be chosen independently for every squark type. In the scalar quark sector of the cMSSM N q + 1 phases are present, one for each A q and one for µ. The squark mass eigenstates are obtained by diagonalizing the mass matrix and are given by
The masses are independent of the phase of X q . However, the phase of A q affects the mass eigenvalues since it changes the absolute value of X q . The other possibly complex parameters are M 1 and M 2 , which are the soft SUSYbreaking parameters in the gaugino sector, and mg, the gluino mass. These parameters are less important for the Higgs sector phenomenology; mg enters the predictions only at the two-loop level.
The neutral Higgs boson sector at the one-loop level
The inverse neutral Higgs boson propagator matrix in the cMSSM at the one-loop level is given by
(8) Σ denotes the renormalized Higgs boson self-energies (at the one-loop level). CP-violation occurs, i.e. mixing between the CP-even Higgs bosons h, H, and the CP-odd Higgs boson A occurs if the self-energiesΣ AH =Σ HA and/orΣ Ah =Σ hA are non-zero. This can happen if the complex parameters in the cMSSM possess an imaginary part. Also the pure CP-even self-energies,Σ hh ,Σ HH andΣ hH , and the pure CP-odd self-energy,Σ AA , are numerically affected if some cMSSM parameters are complex. Details about the calculation of the renormalized Higgs boson self-energies and the on-shell renormalization procedure can be found in Refs. [18, 19, 20] .
The poles of the Higgs boson propagator matrix are the squares of the pole masses of the three neutral Higgs bosons including higher-order corrections. The masses are denotes
Besides the Higgs boson masses, also the effects of the higher-order corrected selfenergies on the Higgs boson couplings to SM gauge bosons and fermions can be evaluated. In the limit of q 2 = 0, i.e.Σ(q 2 ) →Σ(0), the transition from the tree-level states h, H, A to the mass eigenstates at higher orders, h 1 , h 2 , h 3 can be described with the rotation matrix U,
U includes the dominant corrections (coming from Higgs boson propagators) into the effective couplings [22] . The explicit formulas are given in Refs. [16, 18] .
The Higgs boson self-energies have been evaluated by taking into account all sectors of the cMSSM, including possibly complex parameters and the full momentum dependence. The evaluation has been done with the help of the programs FeynArts [23] (using the MSSM model file [24] ) and FormCalc [25] . The results, supplemented by the leading twoloop contributions taken over from the rMSSM [8, 9, 4] , have been transformed into the Fortran code FeynHiggs2.0 [26] . The code evaluates the Higgs boson masses, the mixing matrix and the corresponding corrections to the couplings of the Higgs bosons to SM gauge bosons and fermions. FeynHiggs2.0 is available at www.feynhiggs.de .
Numerical examples and discussion
In this section numerical examples are presented and discussed. They are meant to illustrate on the one hand the possible effects of complex phases in the MSSM and on the other hand the effects of the newly evaluated terms. For a more detailed phenomenological analysis constraints on CP-violating parameters from experimental bounds, e.g. on electric dipole moments (EDMs), have to be taken into account [27] . However, in our analysis below we only take non-zero phases for A t = A b and M 2 , which are not severely restricted from EDM bounds.
The numerical analysis given below has been performed in the "CPX" scenario [28] , where the parameters are fixed to
if not indicated differently. The phases are always defined explicitly. However, our analysis is confined to φ µ = 0, since this is the most restricted phase, see e.g. Ref. [29] and references therein. The CPX scenario has been defined in order to maximize the effects of complex phases. It should be kept in mind that while the relatively high value of |µ| is not realized in minimal models like mSUGRA, mGMSB or mAMSB, it can lead to large effects especially in the b/b sector. In our numerical analysis we concentrate on the Higgs boson masses derived from the one-loop corrections only. This is sufficient to show the effects of the newly evaluated corrections. A more detailed numerical analysis, including also the effects on the rotation matrix and correspondingly to the Higgs boson couplings to SM gauge bosons and fermions can be found in Refs. [19, 20] .
In Fig. 1 
, which makes their experimental resolution at a collider experiment difficult. In Fig. 3 we show ∆ 32 = m h 3 − m h 2 as a function of M H ± in the rMSSM, i.e. for φ At = 0 (lower set of curves) and for φ At = π/2 (upper set). The different line styles are as in Fig. 1 . In the chosen scenario ∆ 32 is always larger in the case of φ At = π/2 as compared to the case where φ At = 0. The induced difference in ∆ 32 can be larger than 50 GeV. The impact of the non-(s)fermionic terms can be of O(5 GeV). It should be kept in mind that changing the phase of A t also effects the absolute value of X t . In fact, in Refs. [19, 20] it is demonstrated that every mass gap that can appear in the cMSSM can (for another choice of parameters) also be accommodated in the rMSSM.
Finally, in Fig. 4 we show the effect of φ (s)fermionic contribution are in this case of O(3 GeV), and the momentum dependence induces a shift of O(1 GeV). The effect of φ M 2 is < ∼ 1 GeV. Thus the phase of M 2 has a much smaller impact than the phases of the trilinear couplings. In a more detailed analysis of the cMSSM parameter space (see Refs. [19, 20] ) it has been found that large effects of the phases of the gaugino mass parameters on m h 1 , m h 2 , m h 3 or on the mixing of CP-even and CP-odd states can only occur if two mass eigenvalues are very close to each other. Thus, the effect observed in Ref. [15] that the mixing of the two heavier Higgs states depends strongly on the phase of M 2 or M 1 happens only in a very small part of the cMSSM parameter space.
Conclusions
We have presented a complete one-loop calculation of the Higgs boson masses in the MSSM with complex parameters. The calculation has been performed in the Feynmandiagrammatic approach, using the on-shell renormalization scheme. Besides the full spectrum of cMSSM particles also the momentum dependence has explicitly been included.
In the numerical analysis we have investigated the effects of the non-(s)fermionic sectors as well as the effects of the momentum dependence on the three neutral Higgs boson mass eigenvalues, m h 1 , m h 2 and m h 3 . The analysis has been performed for a set of cMSSM parameters that maximizes the effects of the CP-violating phases. In this case we find that the corrections of the non-(s)fermionic sector can be of O(5 GeV), while the momentum dependence induces a shift of up to 2 GeV. These effects are more pronounced if two of the mass eigenvalues are close to each other. The observed effects on m h 1 , m h 2 and m h 3 of the newly included corrections are thus of the order of several GeV and have to be taken into account in phenomenological analyses of the cMSSM Higgs boson sector in view of the prospective experimental precision at the next generation of colliders. The phase of the gaugino mass parameters, φ M 2 and φ M 1 , are found to have only a relatively small effect, except in a very small regions of the parameter space, where two of the mass eigenvalues are very close to each other.
The results of the full one-loop calculation, supplemented with the dominant and subdominant corrections taken over from the rMSSM, have been implemented into the Fortran program FeynHiggs2.0. The code can be obtained at www.feynhiggs.de .
